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Mechanosensory Neurite Termination and Tiling
Depend on SAX-2 and the SAX-1 Kinase
so that eliminating one neuron causes expansion of sen-
sory processes of adjacent neurons (Blackshaw et al.,
1982; Gao et al., 2000; Grueber et al., 2001, 2003; Kitson
Maria E. Gallegos1 and Cornelia I. Bargmann1,*
Howard Hughes Medical Institute and
Departments of Anatomy and
and Roberts, 1983). Other classes of tiled neurons oc-Biochemistry and Biophysics
cupy defined regions without responding to other mem-University of California, San Francisco
bers of the same class (Grueber et al., 2003; Lin et al.,San Francisco, California 94143
2004). Termination of neurite outgrowth in these neurons
may be triggered by specific signals from the target
region, an instructive pattern of neuronal activity, orSummary
intrinsic growth properties.
The nematode C. elegans has an organized patternMechanosensory neurons provide accurate informa-
of mechanosensory neurons that divides the body intotion about stimulus location by restricting their sen-
nonoverlapping anterior and posterior sensory fields, asory dendrites to nonoverlapping regions, a pattern
pattern reminiscent of tiling. Mechanosensation is medi-called tiling. Here, we show that C. elegans sax-1 and
ated predominately by ALML (left) and ALMR (right) insax-2 regulate mechanosensory tiling by controlling
the anterior half of the animal and PLML (left) and PLMRthe termination point of sensory dendrites. During de-
(right) in the posterior half. AVM (right) and PVM (left),velopment, the posterior PLM mechanosensory den-
two mechanosensory neurons generated postembryon-drite overlaps transiently with the anterior ALM mech-
ically, play minor roles in mechanosensation (Chalfie etanosensory neuron. This overlap is eliminated during
al., 1985) (Figure 1A). The ALM dendrite extends alonga discrete period of paused or slowed PLM process
the anterior half of the animal in a dorsal sublateral tract,growth, between an early period of rapid outgrowth
and the PLM dendrite extends along the posterior halfand a later period of maintenance growth. In sax-2
of the animal in a ventral sublateral tract. Each of thesemutants, the PLM sensory dendrite fails to slow be-
neurons has an axon-like region in an anterior branch,tween the active growth and maintenance growth
and PLM neurons have an additional axon-like regionphases, leading to sustained overlap of anterior and
near the cell body where gap junctions form with post-posterior mechanosensory processes. sax-2 encodes
synaptic targets (White et al., 1986). Activation of PLMa large conserved protein with HEAT/Armadillo re-
by posterior mechanical stimuli leads to acceleratedpeats that functions with sax-1, an NDR cell morphol-
forward movement, whereas activation of ALM by ante-ogy-regulating kinase. High-level expression of sax-2
rior mechanical stimuli leads to reversals (Chalfie et al.,leads to premature neurite termination, suggesting
1985). The restricted receptive fields of ALM and PLMthat SAX-2 can directly inhibit neurite growth.
contribute to efficient escape from aversive mechanical
stimuli (Suzuki et al., 2003).
Introduction
The C. elegans sax-1 and sax-2 genes are required for
the maintenance and stabilization of neuron morphology
Neurons in the adult nervous system have an aston- (Zallen et al., 1999, 2000). Many classes of neurons in
ishing diversity of axonal and dendritic morphologies. sax-1 and sax-2 mutants appear normal at hatching, but
While great strides have been made in understanding secondary neurites emerge from the cell body during
mechanisms of axon and dendrite guidance, less is later larval stages. sax-1 encodes a conserved NDR fam-
known about the cues that regulate neurite termination ily serine/threonine kinase (Tamaskovic et al., 2003). This
and the transition from neurite outgrowth to morphologi- family includes the vertebrate NDR kinases Drosophila
cal stability (Dickson, 2002; Jan and Jan, 2003). Accurate Tricornered, Saccharomyces cerevisiae Cbk1, Schizosac-
termination of dendrite outgrowth is particularly impor- charomyces pombe Orb6, and Neurospora crassa Cot-1.
tant for neurons that process spatial information about A common theme in NDR kinase function is the promo-
the environment. For example, dendritic arbors of each tion and maintenance of asymmetric growth. Cot-1 pro-
retinal ganglion cell process information about a unique motes hyphal tip elongation and prevents excess
portion of the visual world (Wassle et al., 1981; Wassle branching; Orb6 is required for cell polarity and elonga-
and Riemann, 1978). Similarly, mechanosensory den- tion; Cbk1 promotes elliptical and apical growth; and
drites cover defined regions of the body surface to per- Tricornered prevents the growth of ectopic cellular ex-
mit animals to identify the precise location of an external tensions (hairs and bristles) from epithelial cells on the
stimulus. The spatial maps in visual and somatosensory body surface. Yeast NDR kinases also regulate the cell
systems are generated by a pattern of dendrite termina- cycle, but this function is not observed in C. elegans
tion called tiling, in which neurons within a given class and Drosophila NDR mutants.
show nearly complete dendritic coverage and minimal While previous studies have shown that sax-1 and
overlap (Grueber et al., 2001, 2002). Some classes of sax-2 are required for the inhibition of secondary neurite
tiled neurons persistently inhibit each other’s extension, formation, the present study asks if these genes also
play a role in primary neurite outgrowth. To address
this question, we examined process growth in animals*Correspondence: cori@itsa.ucsf.edu
expressing the green fluorescent protein (GFP) in mech-1Present address: The Rockefeller University, 1230 York Avenue,
New York, New York 10021. anosensory neurons. Here, we define the developmental
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required for the inhibition of primary neurite outgrowth
and segregation of ALM and PLM dendritic fields.
Results
sax-1 and sax-2 Inhibit Primary Neurite
Growth of PLM
sax-1 and sax-2 prevent secondary neurite formation in
a wide variety of neurons (Zallen et al., 1999, 2000).
To ask whether sax-1 and sax-2 also regulate primary
neurite formation, we examined dendrites of ALM and
PLM during the fourth larval stage (L4) in wild-type,
sax-1, and sax-2 animals expressing a touch cell re-
porter transgene, mec-4::gfp. PLM was scored as over-
lapping with ALM when the PLM neurite extended ante-
rior to the ALM cell body (Figure 1A). In wild-type
animals, only 1.9% (n  252) of ALM and PLM neurites
overlapped in their extension along the lateral body.
In contrast, 33% and 50% of ALM and PLM neurites
overlapped along the anteroposterior axis in sax-1 and
sax-2 mutant animals, respectively (Figure 1B). Because
ALM and PLM neurites extend within distinct sublateral
tracts, direct contact between the overlapping ALM and
PLM neurites was rare.
Overlap between ALM and PLM in sax-1 and sax-2
mutants could result from overextension of the PLM
neurite, posterior misplacement of the ALM cell body,
a decrease in body size, or a combination of the above.
To distinguish between these possibilities, we measured
Figure 1. Defective PLM Termination and Mechanosensory Neurite PLM neurite length, body length, and distance between
Overlap in sax-1 and sax-2 Mutants the ALM cell body and the PLM cell body in both L4 and
(A) Schematic drawing of an L4 hermaphrodite. Mechanosensory young adult animals. To control for individual variation in
neurons for light touch in green. ALM and PLM neurons are present animal length, ALM cell body position and PLM length
on both left and right sides of the animal, but only one of each pair were both expressed as ratios with respect to the length
is shown. AVM is on the right side only, and PVM is only on the left.
of the body (PLM/length and ALM/length, respectively).The position of the developing vulva (mid-L4) is indicated (arrow-
The PLM/length ratio in sax-2 mutants was signifi-head). A neurite branch extending from PLM (position variable) ap-
pears in late L1 (green dashed line). PLM neurites that extend ante- cantly greater than wild-type at both L4 and young adult
rior to the ALM cell body (vertical dashed line) are scored as stages (Figure 1C). On average, the PLM/length ratio
overlapping. Anterior is left, and ventral is down. Scale bar, 100 m. was 0.55 (L4) and 0.54 (adult) in sax-2 mutant animals
(B) The percentage of examples of ALM and PLM overlap in wild- but only 0.43 in wild-type animals. By contrast, we found
type, sax-1, and sax-2 mutant animals. Overlap is counted each time
no significant difference in the ALM/length ratio betweena PLM neurite terminates anterior to the gray dashed line indicated in
wild-type and mutant at either stage (Figure 1C). Simi-(A) (***different from wild-type by comparison of proportions, p 
0.001). larly, average body lengths at L4 did not differ signifi-
(C) Average ratio of PLM neurite length to body length in wild-type cantly between wild-type and sax-2 mutants (Figure 1D).
and sax-2 during L4 and adult stages (1 and 3). Average ratio of These results suggest that overlap between ALM and
distance between ALM and PLM cell bodies to animal length in PLM in sax-1 and sax-2 mutant animals is specifically
wild-type and sax-2 during L4 and adult stages (2 and 4). Black bar
due to overextension of the PLM neurite.is wild-type; gray is sax-2.
Consistent with an overgrowth phenotype, by L4, PLM(D) Average length (in m) of the animal at L4 larval stage. Black
bar is wild-type; gray is sax-2. Length was measured as indicated neurites were significantly longer in sax-1 and sax-2
in (A). mutant animals compared to wild-type. Specifically,
(E) Average length (in m) of the PLM neurite measured from the PLM terminated 20  2.5 m anterior to the developing
center of the developing L4 vulva. Individual values can be negative vulva in wild-type compared to 64  3.3 m in sax-1
(terminate posterior to vulva) or positive (terminate anterior to vulva)
and 95  3.4 m in sax-2 mutant animals (Figures 1E(see [F]) (***different from wild-type by Student’s t test, p  0.001).
and 1F). The overextension corresponded to 14% (sax-1)(F) Histogram of PLM termination sites in wild-type (black bars) and
sax-2 (gray). x axis, distance from developing vulva (arrowhead) in or 25% (sax-2) of the length of an average wild-type
m. y axis, percentage of PLM neurites that terminate within the PLM neurite (306 m), or 6% (sax-1) or 14% (sax-2) of
indicated bin (10m). The schematic drawing illustrates the relevant the length of the animal at this stage (715 m). Similar
region of an L4 hermaphrodite. results were obtained when measurements were taken
from the PLM cell body (data not shown).
Double mutant analysis has placed sax-1 and sax-2events that generate nonoverlapping ALM and PLM den-
dritic fields, demonstrating that the initial imprecise ter- in a common genetic pathway for secondary neurite
formation (Zallen et al., 2000). To determine if sax-1mination of the PLM neurite is followed by a discrete
period of refinement. We show that sax-1 and sax-2 are and sax-2 also function in the same pathway to inhibit
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primary neurite growth, PLM neurite lengths in sax-1;
sax-2 double mutants were compared to single mutant
animals. As expected of genes functioning in the same
pathway, PLM neurite lengths did not differ significantly
in the sax-1;sax-2 double mutant (94  3.6 m) com-
pared to sax-2, the more severe single mutant (Fig-
ure 1E).
These results suggest that sax-1 and sax-2 function
in the same genetic pathway to inhibit outgrowth of the
primary PLM neurite, contributing to the formation of
nonoverlapping ALM and PLM sensory fields. The sax-1
mutant phenotype is significantly less severe than sax-2
(p 0.001), suggesting that sax-1 may function in paral-
lel with another gene in the sax-1/sax-2 pathway.
Wild-Type PLM Neurites Overlap
Transiently with ALM
To understand how the overextension defect in sax-1
and sax-2 mutants might arise, we first examined PLM
development in wild-type animals.
Outgrowth of the PLM dendrite begins in the embryo.
At hatching, wild-type PLM neurites were on average
59 m long with a ratio of PLM length to animal length
of 0.31. By 3 hr post hatching (HPH), the average PLM
neurite was 92 m long with a PLM/length ratio of 0.45
(Figures 2A and 2C). During this period, the growth rate
of PLM exceeded the growth rate of the animal by 9.3-
fold (Figure 2E). Consistent with active outgrowth and
guidance, 80% of PLM neurites were tipped by growth
cone-like structures at hatching, a percentage that
steadily declined with time (Figure 2D). To our surprise,
by 2 HPH the majority of PLM neurites had bypassed
their normal termination site near the gonad, resulting
in overlap between ALM and PLM neurites. By 3 HPH,
overlap was observed in 83% of ALM/PLM neuron pairs
(Figure 2B; Figures 3A and 3B).
Over the next 8 hr, the relative position of the PLM
termination site shifted posteriorly. At 3 HPH, the PLM/
length ratio peaked at 0.45, then declined to 0.39 by 11
HPH (Figure 2C). This decline was due to slowed PLM
process growth at a time when body growth began to
Figure 2. PLM Neurite Outgrowth during Development in Wild-Type
and sax-2 Mutants
(A) Length of PLM neurites in wild-type (black bars) and sax-2 (gray
bars) at different times after hatching (***different from wild-type by
Student’s t test, p  0.001).
(B) Overlap between ALM and PLM neurons at different times after
hatching (***different from wild-type by comparison of proportions,
p  0.001).
(C) PLM length as a ratio of body length in wild-type (solid black
line) and sax-2 mutants (broken gray line). HPH, hours post hatching.
A, adult (day 1).
(D) The percentage of PLM neurons with a growth cone (determined
by visual inspection) at different times after hatching. Two represen-
tative growth cones are shown (see inset). Scale bar, 5 m.
(E) Average fold growth of PLM process length with respect to
the growth of the animal in each phase of development (see the
Experimental Procedures). Phase I, 0–3 HPH; phase II, 5–11 HPH;
phase III, 15–36 HPH. Black bars are wild-type; gray bars are sax-2.
(F) PLM length in wild-type as a ratio of body length, not counting
the head region. Body and PLM length measurements were both
initiated from the center of the PLM cell body. Body lengths were
measured up to the posterior end of the pharynx.
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Figure 3. Examples of PLM Neurites during
Various Stages of Development
(A–P) Images are confocal projections of the
left or right midsection of the hermaphrodite
at various stages of development. Dorsal is
up; anterior is left. The ALM cell body with its
anteriorly directed process and the anterior
end of the PLM neurite are included in each
image. The AVM cell body is also visible in
right side projections of L2 or L3 animals (I
and M). The PLM neurite overlaps ALM in
both wild-type (A and B) and sax-2 (C and D)
mutant animals at 3 HPH. The PLM neurite
does not overlap ALM in wild-type animals at
9 HPH (E and F), L2 (I and J), or L3 stage (M
and N), but the PLM neurite does overlap in
sax-2 mutant animals at 9 HPH (G and H), L2
(K and L), and L3 stage (O and P). The PLM
to body length ratio (described in Figure 1A)
0.45 (A and B), 0.41 (E and F), 0.38 (I and J),
0.40 (M and N), 0.46 (C and D), 0.51 (G and
H), 0.52 (K and L), and 0.50 (O and P). Scale
bar, 50 m.
accelerate (Figures 2A and 2C and data not shown). In constant distance with respect to the central gonad
and ALM.other words, average growth of the PLM neurite did not
keep pace with the average growth of the body. From
5 HPH to 11 HPH, PLM grew 2.8-fold more slowly than ALM Does Not Have a Central Role in PLM
Neurite Terminationthe body (Figure 2E). Consistent with slowed or paused
growth, fewer than 10% of PLM neurites were tipped In some but not all cases of dendritic tiling, the dendrites
of adjacent neurons of the same class inhibit eachby growth cone-like structures at 5 HPH, and by 11 HPH
growth cone-like structures were not observed (Figure other’s growth. To ask if ALM controls PLM neurite ter-
mination, we examined PLM neurites in lin-30(e1908), a2D). The rapid decrease in the PLM/length ratio coin-
cided with the resolution of ALM and PLM neurites to mutant that lacks ALM due to a variable late/postembry-
onic defect in cytokinesis (E. Hedgecock, personal com-nonoverlapping body regions. By 11 HPH, only 10% of
ALM and PLM neurites overlapped, a dramatic decline munication). Although the majority of lin-30 mutant ani-
mals lacked ALM, AVM, and PVM neurons, the positionfrom 83% at 3 HPH (Figure 2B; Figures 3E and 3F).
From the second larval stage to adulthood, the PLM of PLM termination was essentially unaffected (Figure
4B). This result demonstrates that PLM can terminateneurite grew almost linearly with the growth of the animal
(Figures 2C and 2E). The slight increase in the PLM/ at the correct location in the absence of ALM. Moreover,
in the cell migration mutant cam-1, in which ALM celllength ratio (0.39 to 0.43 within a 21 hr window) likely
reflects a change in the relative size of the head with bodies are often anteriorly misplaced, the position of
PLM neurite termination was not significantly shiftedrespect to the rest of the body. When the ratio of PLM
length to body length (not including the head) was calcu- when the ALM cell body was anterior to its normal posi-
tion (data not shown).lated, the rate of growth was linear (Figure 2F). These
results suggest that neurite growth after the second In lin-30 mutant animals, ALM is never generated. To
ask if a late loss of ALM could affect the position oflarval stage strictly maintains the relative position of
PLM termination along the body. PLM termination, we ablated ALM during the L1 stage.
There was no difference in L4 PLM neurite length be-In summary, the developmental profile of PLM out-
growth revealed three phases of outgrowth. In phase I, tween ALM-ablated and mock-ablated animals, al-
though the experimental protocol caused a slight ante-from 0 to about 3 HPH, the PLM neurite grew rapidly
across the body surface, ultimately terminating beyond rior shift in all PLM neurites (Figure 4C).
The death of a neuron after laser ablation takes time,ALM. In phase II, from 5 to 11 HPH, the PLM process
grew more slowly than the animal, resulting in the resolu- and the ALM cell body in ablated animals was still pres-
ent throughout the L1 developmental period, when thetion of overlap between ALM and PLM processes. In
phase III, from L2 to adult, the PLM neurite grew at a overlap between ALM and PLM is resolved (Figures 4D–
4F). A starvation protocol was developed to shift ALMrate equal to that of the animal, maintaining a near-
Neurite Termination and Tiling in C. elegans
243
Figure 4. Mutations that Alter Cell Fate, Organ Position, and Late Embryonic Cell Divisions Do Not Disrupt PLM Neurite Termination
(A) L1 larvae. Anterior is left; dorsal is up. ALM cell body and process is in gray. PLM process is black. Position of P cells (medium gray), V
cells (white), and gonad (light gray) are indicated.
(B) PLM length as a ratio of animal length in wild-type, lin-39, lin-22, dig-1, and lin-30 are shown, measured as in Figure 1. PLM/length data
of sax-2 is included as a reference.
(C) ALM does not inhibit larval PLM extension. Average length that the PLML neurite extends anterior to the developing vulva in wild-type
and sax-2(ot10) animals with ALML-ablated () or in mock-ablated controls (). Ablations were performed immediately after hatching. Note
small effect of ablation protocol on both ALM-ablated and mock-ablated animals.
(D–F) ALM persists up to 25 hr after ablation. ALML cell fragment at 9 hr post ablation, with ablation done immediately after hatching. Arrow
points to ALML cell body. Fluorescence image of residual GFP in ALML (D). DIC image of cell fragment (E). Diagram (F).
(G) Under sensitized conditions, ALM ablation can affect PLM extension. Average length that the PLM neurite extends anterior to the developing
vulva in wild-type animals with ALML-ablated () or in mock-ablated controls (), under conditions in which phase II was delayed by 36–48
hr through starvation during the first larval stage (*different from control by Student’s t test, p  0.039). The starvation treatment allowed time
for the ALM cell fragment to disappear before phase II. Untreated/unstarved wild-type control is included to show the significant effect
of starvation.
death to an earlier stage relative to the phases of PLM ing starvation. These results suggest that ALM may have
a subtle impact on PLM termination under sensitizedneurite development. Following ALM ablation or mock
ablation, L1 animals were incubated in the absence of conditions but is not the major source of the pausing
signal for PLM.food for 36 hr, causing them to arrest at the end of
phase I (93% of PLM neurites overlapped with ALM in Mutations in lin-39, a C. elegans homeobox gene that
specifies epithelial P cell fates (Maloof and Kenyon,starved wild-type L1 animals [n  60]). By 25 hr after
the operation, ablated ALM cell bodies were no longer 1998), lin-22, a hairy/enhancer of split homolog that
specifies V cell epithelial fates (Wrischnik and Kenyon,visible by GFP fluorescence and DIC microscopy (data
not shown). After 36–48 hr, the animals were then refed 1997) and dig-1, a cell adhesion molecule that anchors
the gonad and prevents its anterior displacementto stimulate further development. Under these condi-
tions, PLM neurites of L4 animals were on average 15 (Thomas et al., 1990) also did not change the termination
site of PLM (Figures 4A and 4B).m longer when ALM was ablated compared to mock-
ablated controls, revealing a hidden role of ALM in PLM
termination (p  0.036; Figure 4G). Interestingly, the Overextension of PLM in sax-2 Results
from Defects during Phase IIPLM neurites in all of the animals were considerably
longer than those of unstarved animals, perhaps be- Overextension of PLM in sax-1 and sax-2 mutant animals
could result from precocious neurite outgrowth, acceler-cause of the sustained period of ALM-PLM overlap dur-
Neuron
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ated outgrowth, defective termination, or late reinitiation sax-2 Encodes a Large Novel Conserved Protein
sax-2 was cloned by genetic mapping and transforma-of outgrowth. To distinguish between these possibilities,
we compared PLM neurite lengths in wild-type and sax-2 tion rescue of its mutant phenotype. It corresponds to
the predicted gene F21H11.2 and encodes a 2915 aminomutant animals throughout development.
In sax-2 mutant animals, the average length of the acid protein with orthologs in humans, Drosophila (furry)
(Cong et al., 2001), Saccharomyces (Pag1) (Du and Nov-PLM neurite was similar to wild-type at hatching with a
PLM/length ratio of 0.31 (Figures 2A and 2C). As in wild- ick, 2002), Schizosaccharomyces (Mor2) (Hirata et al.,
2002), and other species (Figure 5A). SAX-2 and relatedtype, growth of PLM neurites was rapid in the first 3 hr
after hatching. The average growth rate of PLM neurites proteins do not have any conserved motifs detected by
SMART, but analysis of the SAX-2 gene family usingin sax-2 mutants exceeded the growth of the animal by
11.5-fold (compared to 9.3-fold in wild-type; Figure 2E; the FUGUE sequence-structure homology recognition
method (Shi et al., 2001) predicted that the first con-the difference was restricted to 2–3 HPH, the border with
phase II). These results indicate that the overextension served domain might fold into a large number of arma-
dillo/HEAT extended -helical motifs (Groves and Bar-phenotype of sax-2 is not caused by precocious neurite
initiation or a greatly increased rate in neurite growth ford, 1999). Sequence analysis revealed blocks of
homology that were distributed in a total of five (fungalduring the early phase of rapid outgrowth.
The overextension of PLM in sax-2 mutant animals clade) or six (animal clade) regions of SAX-2 separated
by nonconserved linker regions (Figures 5B and 5C).became apparent in phase II. Instead of slowing after
3 HPH as in wild-type, the absolute length of the PLM Each of the three sax-2 mutant alleles was sequenced
and found to create a premature nonsense codon inneurite in sax-2 continued to increase between 3 and
11 HPH (Figure 2A). While the PLM/length ratio declined the predicted protein (Figure 5B). These mutations are
recessive and likely to result in reduced sax-2 function,from 0.45 to 0.39 during phase II in wild-type animals,
the PLM/length ratio of sax-2 mutants remained high at especially since early nonsense codons destabilize
mRNAs and decrease protein levels (Pulak and Ander-0.47–0.49 (Figure 2C). Thus, the rate of PLM growth
during this interval matched the overall growth of the son, 1993). However, all alleles spared the armadillo/
HEAT repeat motif, suggesting that some sax-2 functionanimal (Figure 2E), suggesting that sax-2 mutants pre-
maturely entered the period of maintenance growth, might persist in these mutants. RNAi of sax-2 does not
result in an obvious phenotype (http://www.wormbase.transitioning from phase I directly to phase III. These
results indicate that sax-2 may be required during a org/).
discrete phase of slowed or paused growth in PLM neu-
rite extension. sax-2 Functions Cell Autonomously
Consistent with a defect during phase II of PLM devel- to Regulate PLM Development
opment, overlap between ALM and PLM neurites in Like sax-1, sax-2 reporter transgenes are widely ex-
sax-2 mutants failed to resolve during this time (Figures pressed in neurons in the head and tail and along the
2B, 3G, and 3H). Between 3 HPH and 11 HPH, the per- ventral nerve cord (data not shown). To ask where sax-2
centage of ALM and PLM neurites that overlapped re- functions to regulate PLM termination, a full-length
mained constant at 86%–96%. During the same time sax-2 cDNA clone was assembled and placed under the
interval, the frequency of overlap fell from 83% to 10% in control of the mec-4 promoter, which drives expression
wild-type (Figure 2B). Overlap frequency in sax-2 mutant exclusively in mechanosensory neurons. A mec-4::sax-2
animals decreased in later larval stages because of a transgene rescued the overextension defects of PLM
slight anterior shift of the ALM cell body, observed in and the overlap of ALM and PLM neurites (Figures
both wild-type and mutant animals (Figure 3 and data 6A–6D and 6F). mec-4::sax-2 also rescued a cell shape
not shown). defect in ALM that represents a typical late maintenance
During maintenance growth after the second larval function of sax-1 and sax-2 (Figures 6A–6E). In contrast,
stage (phase III), PLM grew similarly in wild-type and mec-4::sax-2 failed to rescue morphological defects in
sax-2 mutant animals, matching the growth of the animal PVC neurons, postsynaptic targets of PLM in the mecha-
(Figures 2C and 2E). Thus, the overextension phenotype nosensory circuit (Figures 6G–6K). These rescue results
of sax-2 is not caused by aberrant reinitiation of active are consistent with a cell-autonomous role of sax-2
growth during later larval stages. within mechanosensory neurons. Since ALM has only a
Our results suggest that sax-2 promotes dendritic til- minor effect on PLM neurite termination (Figure 4), it is
ing by eliminating overlap between ALM and PLM neu- most likely that sax-2 functions in PLM neurons.
rites in phase II. In wild-type animals, resolution of over- A small percentage of PLM neurites expressing the
lap occurred during the mid to late L1 larval stage, rescuing mec-4::sax-2 transgene terminated prema-
suggesting that sax-2 functions specifically during that turely, a phenotype opposite to the phenotype of reces-
interval. The function of sax-2 during a discrete period sive sax-2 mutants (Figures 6L–6O). Specifically, 8%
of development contrasts with the role of sax-1 and of Ex[mec-4::sax-2]; sax-2(ot10) animals had a severe
sax-2 in the inhibition of secondary neurite formation. defect in which at least one PLM neurite terminated
Secondary neurite formation in sax-1 and sax-2 mutant in the tail, posterior to PVM (Figures 6N and 6O). To
animals occurs in larvae and adults long after axons determine whether this early termination phenotype was
reach their final targets (Zallen et al., 1999, 2000). Thus, caused by excess SAX-2 protein, we examined PLM
sax-1 and sax-2 have a maintenance function to prevent neurites in wild-type or sax-2 mutant animals bearing
secondary neurite formation and a developmental func- the mec-4::sax-2 transgene. The percentage of animals
with a severe early termination phenotype increasedtion to inhibit primary neurite outgrowth.
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Figure 5. sax-2 Encodes a Large Conserved Protein
(A) Phylogenetic tree of SAX-2-like proteins. Accession numbers are indicated in parentheses.
(B) Clustal W alignment of two clades (animal: C. elegans [Ce], D. melanogaster [Dm], and humans [Hs]; and fungal: S. cerevisiae [Sc], S. pombe
[Sp], and N. crassa [Nc]) transformed into graph form. Graph reveals blocks of homology distributed throughout the protein. Scores were
binned at 60 scores per bin to show patterns of similarity. x axis, position in the clustal W alignment. y axis, degree of conservation (see the
Experimental Procedures). The probability of getting a random binned similarity score of 2.83 or greater is 1/1000 (solid horizontal line; see
the Experimental Procedures). The stop codons in the three C. elegans sax-2 alleles, ot10, ky216, and cy13 are at residues 809, 1047, and
1492, respectively. Missense mutations in S. pombe Mor2 are indicated by asterisks (*mor2-786; **mor2-282). The extent of the predicted
Heat/Armadillo Repeat region is shown in red.
(C) Sequence analysis reveals five blocks of conservation in all species (blocks A–E) and one block found only in animal species (block F).
Percent amino acid identity between SAX-2 and related proteins in each of the six conserved domains is indicated in parentheses above
each block of conservation.
from 8% to 15% when the mec-4::sax-2 was present in could suppress the early termination phenotype, mec-
4::sax-2 animals were compared to mec-4::sax-2; sax-1the wild-type background (Figure 6L). This result sug-
gests that early termination likely results from a dose- animals. The sax-1 mutation did not suppress the very
early PLM termination caused by a mec-4::sax-2 trans-dependent increase in sax-2 activity.
In addition to causing infrequent termination events gene (p  0.721; n  239–245), but the longest PLM
neurites in this strain were intermediate in length be-near the tail, SAX-2 overexpression appeared to cause
a significant overall decrease in the length of PLM neu- tween wild-type and mec-4::sax-2 PLM neurites (p 
0.001; n  120–152). This result indicates that SAX-1 isrites. The effect was evident even when considering only
the longest PLM neurites that terminated near the vulva. not the only protein that mediates the effect of SAX-2
overexpression.This subset of PLM neurites was on average 20 m
shorter in wild-type animals carrying the mec-4::sax-2
transgene than in wild-type animals lacking the trans- Discussion
gene (Figure 6M). These results suggest that the level
of sax-2 activity can determine the site at which the PLM Direct observation of PLM neurite outgrowth reveals
a surprising complexity in the process of termination,neurite terminates, with a high level of activity leading
to premature termination and a low level of activity lead- defined by three phases. In phase I, PLM dendrites ex-
tended rapidly, bypassing the target region. In phase II,ing to overextension.
The kinase activity of sax-1 orthologs can be regulated dendrite outgrowth was inhibited until the termination
point fell within the target region. In phase III, the growthby sax-2 orthologs (Nelson et al., 2003). To ask if sax-1
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Figure 6. sax-2 Acts within Mechanosensory Neurons
(A–D) Midsection of sax-2 mutant animal (A and B) and sax-2 mutant expressing the mec-4::sax-2 transgene (C and D). Arrowhead, termination
point of PLM neurite. Vertical arrow, position of developing vulva. Horizontal arrow, ALM cell body. Scale bar, 50 m.
(E) Percentage of animals with ALM cell shape defect in sax-2 mutants expressing mec-4::sax-2 () or in control siblings that have lost the
unstable array bearing mec-4::sax-2 () (***different from control by comparison of proportions, p  0.001).
(F) Average length that the PLM neurite extends anterior to the developing vulva in sax-2 mutants expressing mec-4::sax-2 () or in control
siblings that have lost the unstable array bearing mec-4::sax-2 (). Neurites were scored as in Figure 1B (***different from control by Student’s
t test, p  0.001).
(G) Adult hermaphrodite tail (right side) illustrating positions of PLM and PVC neurons (filled circles) and other neurons (unfilled) in the lumbar
ganglia. A basement membrane (dashed lines) surrounds neurons in the lumbar ganglia. A gap junction connects PLM and PVC at the point
where their neurites cross (Chalfie et al., 1985).
(H–K) Cell body and process of PVC in wild-type animal (H and I) and sax-2 mutant expressing mec-4::sax-2 and nmr-1::gfp (J and K). nmr-
1::gfp expresses GFP in PVC among other neurons (Brockie et al., 2001). Arrowhead, PVC cell body. Small red arrows, secondary neurites
extending from the PVC cell body. Large arrows, approximate location of gap junction between PVC and PLM processes.
(L) The percentage of PLM neurites with an early termination defect in animals expressing the mec-4::sax-2 transgene: sax-2(ot10) mutants
(left bar) or sax-2() (wild-type) animals (right bar) (***different from control by Student’s t test, p  0.001).
(M) Average length of PLM neurite extending anterior to the developing vulva in wild-type animals expressing the mec-4::sax-2 transgene ()
or in control siblings that have lost the unstable mec-4::sax-2 array (). Only animals in which PLM neurites successfully reached the vulval
region were scored (*different from control by Student’s t test, p  0.025). Neurites were measured as in Figure 1.
(N–O) Fluorescent image of an example of the early termination defect of PLM in sax-2; Ex[mec-4::sax-2] transgenic animals. Red arrows,
termination point of PLM neurite. Arrowheads, cell bodies of PVM (top) and PLM (bottom). PVM is located midway between the vulva and
the PLM cell body (Figure 1A).
rate of the PLM dendrite matched the growth rate of involvement of sax-2 in a specific phase of dendrite
termination supports the model that these three phasesthe body. The stereotyped nature of PLM development
should facilitate the identification of genes that regulate are both temporally and functionally distinct.
Our results suggest that sax-1 and sax-2 functiondendritic outgrowth, termination, and refinement. Here,
we characterized two such genes, sax-1 and sax-2, that mainly during the second phase of PLM dendritic devel-
opment to slow dendrite growth. Since SAX-1 and SAX-2specify the proper termination point of PLM and the
tiling of ALM and PLM dendritic fields. The preferential and their respective orthologs have conserved roles in
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cell shape regulation (Tamaskovic et al., 2003), we sug- tiling by inhibiting outgrowth during the refinement pro-
gest that these proteins inhibit neurite outgrowth by cess of phase II (Emoto et al., 2004; and our results).
regulating the cytoskeleton. Consistent with this hypoth- Despite these differences, the involvement of the or-
esis, transmission electron microscopy of arista laterals thologous genes sax-1/trc and sax-2/fry suggests that
in Drosophila tricornered and furry mutants revealed a dendrite turning and pausing rely on similar molecules.
disorganized array of actin and microtubules (He and In early neuronal development, initial imprecise circuit
Adler, 2002). Actin and microtubule dynamics play an formation is often followed by the selective pruning of
essential role in all aspects of growth cone behavior and inappropriate pathways (Kantor and Kolodkin, 2003).
neurite morphology (Buck and Zheng, 2002; Dent and Pruning, a regressive event in neurodevelopment, can
Kalil, 2001; Gallo and Letourneau, 2004; Gordon-Weeks, be achieved by retraction or local neurite degeneration
2004; Suh et al., 2004; Zhou and Cohan, 2004). SAX-1 (Bagri et al., 2003; He et al., 2002; McLaughlin et al.,
and SAX-2 may act downstream of signaling pathways 2003; Watts et al., 2003). We show here that the PLM
that control neurite growth, including flamingo/starry neurite initially extends past its termination point, tran-
night (Gao et al., 2000), Notch (Sestan et al., 1999), or siently overlapping with ALM. The resolution of ALM and
neuronal activity (Cohan and Kater, 1986; McLaughlin PLM neurites during development can be characterized
et al., 2003; Wu and Cline, 1998). The signals for PLM as regressive but is mainly controlled by regulated
pausing during phase II are unknown. Interestingly, growth and not by dismantling existing structures. A
sax-2 does not function to slow the later maintenance fuller understanding of regressive neurite behavior
phase of neurite growth, suggesting that maintenance should provide insight into the cell biology of neuronal
growth may be mechanistically distinct from initial neu- development and perhaps into aberrant regressive
rite outgrowth, termination, and refinement. events during disease.
Previous evidence and results presented here suggest
that SAX-1 and SAX-2 are components of a common Experimental Procedures
molecular pathway. sax-2 mutants share PLM termina-
Geneticstion phenotypes as well as all other previously described
C. elegans was maintained using standard methods (Brenner, 1974).neuronal phenotypes with sax-1 (Zallen et al., 2000).
All experiments were done at 25	C following a generation of growthSimilarly, Drosophila furry (sax-2) shares all known phe-
at this temperature. Alleles of sax-2 were identified based on abnor-
notypes with tricornered (sax-1) (Cong et al., 2001), in- mal secondary neurites of chemosensory neurons (ky216) (Zallen et
cluding the tiling defect observed in class IV mechano- al., 1999), AIY interneurons (ot10) (Altun-Gultekin et al., 2001), or VC
sensory neurons described in Emoto et al. (2004). The motor neurons (cy13) (A. Colavita and M. Tessier-Lavigne, personal
communication). Unless otherwise noted, sax-2(ot10), containingphenotypes of double mutants between sax-1 and sax-2
the most N-terminal stop codon, and sax-1(ky491), a deletion allele,or the corresponding orthologs, furry and tricornered,
were used in this study (Zallen et al., 2000; and our results). Forare indistinguishable from single mutant phenotypes
Figures 1, 2, and 3, zdIs4, zdIs4;sax-1(ky491), and sax-2(ot10);zdIs4
(Cong et al., 2001; Geng et al., 2000; Zallen et al., 2000). control animals were created through the self-fertilization of
In addition, the yeast SAX-1 orthologs Cbk1 and Orb6 sax-2(ot10)/;zdIs4 or sax-2(ot10)/; zdIs4; sax-1(ky491)/ ani-
function together with the SAX-2 orthologs Pag1p and mals. Other strains used include lin-30(e1908); zdIs4, CX6655 lin-
22(n372); zdIs5, CX6181 lin-39(n1872); zdIs4, CX6651 dig-1(n1321);Mor2p at sites of polarized growth (Du and Novick, 2002;
zdIs4. zdIs4 IV and zdIs5 I are integrated arrays kindly provided byHirata et al., 2002). Cbk1p and Pag1p physically interact
Scott Clark. Several strains were provided by the Caenorhabditis(Du and Novick, 2002; Nelson et al., 2003), and Pag1p
Genetics Center.and Furry are required for Cbk1p and Tricornered kinase
activity, respectively (Nelson et al., 2003; Emoto et al.,
Measurement of PLM Neurites
2004). Wild-type and sax-2 mutant animals were cultured in parallel. ALM/
The finding that Pag1p or Furry mutants lack Cbk1p PLM neuron pairs were scored as overlapping when the PLM neurite
and Tricornered kinase activity suggests that SAX-1 or- extended anterior to the ALM cell body. To measure PLM neurites,
eggs were allowed to hatch for 5 min, and newly hatched L1s werethologs are activated or stabilized by SAX-2 orthologs.
examined immediately (0 HPH) or after incubating on food for differ-Our results show that the sax-1(ky491) mutant pheno-
ent lengths of time. The PLM neurites in L4 were measured in animalstype is significantly less severe than sax-2(ot10), despite
whose vulval epithelium was at the “Christmas tree” stage, an 2the fact that the ky491 mutation deletes conserved do-
hr long period of development. Mechanosensory neurons were visu-
mains of the SAX-1 kinase and is likely to be a null alized by fluorescence microscopy of animals bearing the zdIs4
allele (Zallen et al., 2000). This result suggests that an transgene. Both fluorescence and DIC photographs were taken with
unidentified target may function alongside sax-1 to me- an Axiocam using Axiovision software (Carl Zeiss). PLM neurites
and the length of each animal were traced from photographs anddiate sax-2 activity.
measured in Canvas (ACD Systems) or NIH Image J software. InThis paper and Emoto et al. (2004) indicate that SAX-1/
Figures 1E, 4C, 4G, 6F, and 6M, PLM neurites in mid-L4 animalsTrc and SAX-2/Fry both disrupt mechanosensory tiling.
were traced from the center of the developing vulva. All other PLMHowever, the cellular mechanism of tiling appears to be
neurites were traced from the center of the PLM cell body. The
different in these two systems. First, tiling of class IV length of the animal was measured from the center of the PLM cell
mechanosensory neurons in Drosophila is strongly de- body to the tip of the nose. PLM was scored as overlapping with
pendent on dendritic-dendritic repulsion, whereas ALM/ ALM when it passed the ALM cell body. The following equation was
used to calculate the log10 of the net growth of PLM with respectPLM tiling in C. elegans is not. Second, the dendrites
to the length of the animal at each phase in development (Figureof tiled class IV neurons do not overlap during develop-
2E):ment, whereas ALM and PLM neurites do overlap tran-
siently (Grueber et al., 2003; and our results). Finally, PLM length (B)  PLM length (A)
body length (B)  body length (A) PLM/length (A)  PLM/length (B)2 
Fry regulates mechanosensory tiling in Drosophila by
stimulating dendritic turning, whereas SAX-2 promotes
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PLM length (X)  length of PLM neurite (in m) at time A or B; body three fragments was inferred by expression of GFP in the mechano-
sensory neurons (Yuan et al., 2000). Thirteen out of sixteen lineslength (X)  length of animal (in m) at time A or B; PLM/length
(X)  the ratio of PLM length to body length at time A or B; phase stably transmitting the mec-4::sax-2 extrachromosomal array res-
cued the mutant phenotype. A small percentage of animals in theseI, time A  0 HPH and time B  3 HPH; phase II, time A  5 HPH
and time B  11 HPH; phase III, time A  15 HPH and time B  rescued lines exhibited severe early termination of the PLM neurites.
The rescuing extrachromosomal array kyEx700 was used in this36 HPH.
study.
Cloning of sax-2
Laser Ablationssax-2 was mapped between the genetic markers unc-79 and lon-2
ALM neurons were identified by position and morphology underand placed between the cosmid clones F26A1 and K10D2 using
Nomarski optics. In the first set of ablation experiments, ALM wassingle nucleotide polymorphism mapping. Two out of four lines sta-
killed within 90 min of hatching. Kills were confirmed by loss of ALMbly transmitting an extrachromosomal array of the cosmid F21H11
fluorescence of zdIs4 when PLM neurites were scored in the L4rescued sax-2(ot10). The entire coding region of F21H11.2 and all
stage. Control animals were unoperated animals of the same geno-exon-intron boundaries were sequenced in k216, ot10, and cy13
type that were anaesthetized and recovered from the same slide asmutant alleles by amplifying PCR products of the sax-2 gene from
operated animals. In a second set of experiments, starved, develop-mutant animals. The identification of mutations in each allele con-
mentally arrested L1s were laser treated between 3 and 5 hr afterfirmed the identity of sax-2.
hatching. After 36–48 hr of further starvation, laser-ablated and
mock-ablated animals were given food, and PLM neurites wereAlignment of SAX-2 Family
scored in the L4 stage.To visualize an alignment of large proteins, and to aid in the assign-
ment of N- and C-terminal boundaries of homology, we transformed
Acknowledgmentsa clustal W alignment of sax-2 orthologs into graph form. SAX-2
and its orthologs in D. melanogaster (Dm), H. sapiens (Hs), N. crassa
We thank Antonio Colavita and Oliver Hobert for providing sax-2(Nc), S. pombe (Sp), and S. cerevisiae (Sc) were aligned by Clustal
alleles; Lily and Yuh-Nung Jan and Lee Honigberg for helpful discus-W using Megalign (DNASTAR Lasergene). The sequence alignment
sions; Jen Zallen for discussions and initial characterization of sax-2;was separated into an animal (Hs, Dm, and Ce) and fungal clade
Steve McCarroll for sequence analysis advice; and Scott Clark for(Sp, Sc, and Nc). Each position in the three-species subalignment
zdIs4. This work was supported by the Howard Hughes Medicalwas assigned a similarity score based on identity and similarity
Institute. M.E.G. was supported by fellowships from the Jane Coffin(similarity score SIM score multiplied by ID score). The SIM score
Childs Foundation and the National Institutes of Health. C.I.B. is anwas defined as 5 when all three of the amino acids in a column in
Investigator of the Howard Hughes Medical Institute.the subalignment were similar, as defined by standard chemical
groups described in Megalign. Otherwise, the SIM score was 0. The
Received: May 24, 2004ID score was defined as 1 if all three amino acids in a column were
Revised: August 3, 2004different, 3 if two of three were identical, and 5 if all three were
Accepted: August 24, 2004identical. The similarity score ranged from 0 (no similarity) to 25 (all
Published: October 13, 2004three are identical). The string of scores for each subalignment
were then binned into 60 scores per bin and graphed using Excel
(Microsoft) to show the overall pattern of similarity across the protein References
(Figure 5B). To calculate the significance of the binned ID 
 SIM
scores to a p value  0.001, corrected for amino acid composition, Altun-Gultekin, Z., Andachi, Y., Tsalik, E.L., Pilgrim, D., Kohara, Y.,
the amino acid sequences of Sc, Sp, and Nc were randomized, and Hobert, O. (2001). A regulatory cascade of three homeobox
aligned to the animal clade, scored, and binned as described. The genes, ceh-10, ttx-3 and ceh-23, controls cell fate specification of
graph in Figure 5B was used to determine the extent of each con- a defined interneuron class in C. elegans. Development 128, 1951–
served block among the SAX-2 orthologs. In C. elegans, block A 1969.
extends from amino acids 70 to 684; block B, 783–1569; block C, Bagri, A., Cheng, H.J., Yaron, A., Pleasure, S.J., and Tessier-Lavigne,
1602–1701; block D, 1769–1882; block E, 1941–2245; and block F, M. (2003). Stereotyped pruning of long hippocampal axon branches
2638–2729. This analysis defined homology blocks distinct from triggered by retraction inducers of the semaphorin family. Cell
those described previously (Cong et al., 2001; Hirata et al., 2002) 113, 285–299.
with one difference worth noting: homology block A described here
Blackshaw, S.E., Nicholls, J.G., and Parnas, I. (1982). Expandedextends further C-terminal than reported in Hirata et al. Two lines
receptive fields of cutaneous mechanoreceptor cells after singleof evidence suggest that the boundary described here is functionally
neurone deletion in leech central nervous system. J. Physiol. 326,relevant. First, the mor2-786 missense mutation from Schizosaccha-
261–268.romyces pombe maps within homology block A near a local peak
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Geneticsof binned similarity scores (Figure 5B, single asterisks). In Hirata et
77, 71–94.al. (2002), this allele mapped between their first and second homol-
ogy blocks. Second, the C-terminal boundary of the armadillo/HEAT Brockie, P.J., Mellem, J.E., Hills, T., Madsen, D.M., and Maricq, A.V.
repeat motif aligns perfectly with the C-terminal boundary of homol- (2001). The C. elegans glutamate receptor subunit NMR-1 is required
ogy block A. Fugue analysis was done online at http://www-cryst. for slow NMDA-activated currents that regulate reversal frequency
bioc.cam.ac.uk/fugue/prfsearch.html. A multiple sequence align- during locomotion. Neuron 31, 617–630.
ment of C. elegans, D. melanogaster, H. sapiens, S. cerevisiae, Buck, K.B., and Zheng, J.Q. (2002). Growth cone turning induced
S. pombe, and N. crassa was submitted for analysis. by direct local modification of microtubule dynamics. J. Neurosci.
22, 9358–9367.
Generation and Expression of sax-2 cDNA
Chalfie, M., Sulston, J.E., White, J.G., Southgate, E., Thomson, J.N.,
The sax-2 cDNA was assembled from RT-PCR fragments and a
and Brenner, S. (1985). The neural circuit for touch sensitivity in
partial cDNA generously provided by Yuji Kohara. Sequencing of
Caenorhabditis elegans. J. Neurosci. 5, 956–964.
the complete sax-2 cDNA revealed 32 exons spanning 8.745 kb.
Cohan, C.S., and Kater, S.B. (1986). Suppression of neurite elonga-Small differences were found between the predicted and experimen-
tion and growth cone motility by electrical activity. Science 232,tal exon-intron boundaries. To express sax-2 in the mechanosensory
1638–1640.neurons, three overlapping linearized DNA fragments were coin-
jected into sax-2(ot10): (1) the mec-4 promoter fused to the first 1.8 Cong, J., Geng, W., He, B., Liu, J., Charlton, J., and Adler, P.N.
(2001). The furry gene of Drosophila is important for maintaining thekb of sax-2 coding sequence (mec-4::5sax-2); (2) the last 1.9 kb of
sax-2 coding sequence fused to gfp (3sax-2::gfp); (3) the full-length integrity of cellular extensions during morphogenesis. Development
128, 2793–2802.sax-2 cDNA. Successful homologous recombination between the
Neurite Termination and Tiling in C. elegans
249
Dent, E.W., and Kalil, K. (2001). Axon branching requires interactions Pulak, R., and Anderson, P. (1993). mRNA surveillance by the Caeno-
rhabditis elegans smg genes. Genes Dev. 7, 1885–1897.between dynamic microtubules and actin filaments. J. Neurosci.
21, 9757–9769. Sestan, N., Artavanis-Tsakonas, S., and Rakic, P. (1999). Contact-
dependent inhibition of cortical neurite growth mediated by notchDickson, B.J. (2002). Molecular mechanisms of axon guidance. Sci-
signaling. Science 286, 741–746.ence 298, 1959–1964.
Shi, J., Blundell, T.L., and Mizuguchi, K. (2001). FUGUE: sequence-Du, L.L., and Novick, P. (2002). Pag1p, a novel protein associated
structure homology recognition using environment-specific substi-with protein kinase Cbk1p, is required for cell morphogenesis and
tution tables and structure-dependent gap penalties. J. Mol. Biol.proliferation in Saccharomyces cerevisiae. Mol. Biol. Cell 13,
310, 243–257.503–514.
Suh, L.H., Oster, S.F., Soehrman, S.S., Grenningloh, G., and Sreta-Emoto, K., He, Y., Ye, B., Grueber, W.B., Adler, P.N., Jan, L.Y., and
van, D.W. (2004). L1/Laminin modulation of growth cone responseJan, Y.-N. (2004). Control of dendritic branching and tiling by the
to EphB triggers growth pauses and regulates the microtubule de-Tricornered-kinase/Furry signaling pathway in Drosophila sensory
stabilizing protein SCG10. J. Neurosci. 24, 1976–1986.neurons. Cell 119, 245–256.
Suzuki, H., Kerr, R., Bianchi, L., Frokjaer-Jensen, C., Slone, D., Xue,Gallo, G., and Letourneau, P.C. (2004). Regulation of growth cone
J., Gerstbrein, B., Driscoll, M., and Schafer, W.R. (2003). In vivoactin filaments by guidance cues. J. Neurobiol. 58, 92–102.
imaging of C. elegans mechanosensory neurons demonstrates a
Gao, F.B., Kohwi, M., Brenman, J.E., Jan, L.Y., and Jan, Y.N. (2000). specific role for the MEC-4 channel in the process of gentle touch
Control of dendritic field formation in Drosophila: the roles of fla- sensation. Neuron 39, 1005–1017.
mingo and competition between homologous neurons. Neuron
Tamaskovic, R., Bichsel, S.J., and Hemmings, B.A. (2003). NDR28, 91–101.
family of AGC kinases—essential regulators of the cell cycle and
Geng, W., He, B., Wang, M., and Adler, P.N. (2000). The tricornered morphogenesis. FEBS Lett. 546, 73–80.
gene, which is required for the integrity of epidermal cell extensions,
Thomas, J.H., Stern, M.J., and Horvitz, H.R. (1990). Cell interactions
encodes the Drosophila nuclear DBF2-related kinase. Genetics
coordinate the development of the C. elegans egg-laying system.
156, 1817–1828.
Cell 62, 1041–1052.
Gordon-Weeks, P.R. (2004). Microtubules and growth cone function. Wassle, H., and Riemann, H.J. (1978). The mosaic of nerve cells in
J. Neurobiol. 58, 70–83. the mammalian retina. Proc. R. Soc. Lond. B Biol. Sci. 200, 441–461.
Groves, M.R., and Barford, D. (1999). Topological characteristics of Wassle, H., Peichl, L., and Boycott, B.B. (1981). Dendritic territories
helical repeat proteins. Curr. Opin. Struct. Biol. 9, 383–389. of cat retinal ganglion cells. Nature 292, 344–345.
Grueber, W.B., Graubard, K., and Truman, J.W. (2001). Tiling of the Watts, R.J., Hoopfer, E.D., and Luo, L. (2003). Axon pruning during
body wall by multidendritic sensory neurons in Manduca sexta. J. Drosophila metamorphosis: evidence for local degeneration and
Comp. Neurol. 440, 271–283. requirement of the ubiquitin-proteasome system. Neuron 38,
871–885.Grueber, W.B., Jan, L.Y., and Jan, Y.N. (2002). Tiling of the Drosoph-
ila epidermis by multidendritic sensory neurons. Development White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986).
129, 2867–2878. The structure of the nervous system of the nematode C. elegans.
Philos. Trans. R. Soc. Lond. B Biol. Sci. Biological Sciences 314,Grueber, W.B., Ye, B., Moore, A.W., Jan, L.Y., and Jan, Y.N. (2003).
1–340.Dendrites of distinct classes of Drosophila sensory neurons show
different capacities for homotypic repulsion. Curr. Biol. 13, 618–626. Wrischnik, L.A., and Kenyon, C.J. (1997). The role of lin-22, a hairy/
enhancer of split homolog, in patterning the peripheral nervous sys-He, B., and Adler, P.N. (2002). The genetic control of arista lateral
tem of C. elegans. Development 124, 2875–2888.morphogenesis in Drosophila. Dev. Genes Evol. 212, 218–229.
Wu, G.Y., and Cline, H.T. (1998). Stabilization of dendritic arborHe, Y., Yu, W., and Baas, P.W. (2002). Microtubule reconfiguration
structure in vivo by CaMKII. Science 279, 222–226.during axonal retraction induced by nitric oxide. J. Neurosci. 22,
Yuan, A., Dourado, M., Butler, A., Walton, N., Wei, A., and Salkoff,5982–5991.
L. (2000). SLO-2, a K channel with an unusual Cl dependence.
Hirata, D., Kishimoto, N., Suda, M., Sogabe, Y., Nakagawa, S., Yoshi-
Nat. Neurosci. 3, 771–779.
da, Y., Sakai, K., Mizunuma, M., Miyakawa, T., Ishiguro, J., and Toda,
Zallen, J.A., Kirch, S.A., and Bargmann, C.I. (1999). Genes requiredT. (2002). Fission yeast Mor2/Cps12, a protein similar to Drosophila
for axon pathfinding and extension in the C. elegans nerve ring.Furry, is essential for cell morphogenesis and its mutation induces
Development 126, 3679–3692.Wee1-dependent G(2) delay. EMBO J. 21, 4863–4874.
Zallen, J.A., Peckol, E.L., Tobin, D.M., and Bargmann, C.I. (2000).Jan, Y.N., and Jan, L.Y. (2003). The control of dendrite development.
Neuronal cell shape and neurite initiation are regulated by the NdrNeuron 40, 229–242.
kinase SAX-1, a member of the Orb6/COT-1/warts serine/threonine
Kantor, D.B., and Kolodkin, A.L. (2003). Curbing the excesses of kinase family. Mol. Biol. Cell 11, 3177–3190.
youth: molecular insights into axonal pruning. Neuron 38, 849–852.
Zhou, F.Q., and Cohan, C.S. (2004). How actin filaments and microtu-
Kitson, D.L., and Roberts, A. (1983). Competition during innervation bules steer growth cones to their targets. J. Neurobiol. 58, 84–91.
of embryonic amphibian head skin. Proc. R. Soc. Lond. B Biol. Sci.
218, 49–59. Accession Numbers
Lin, B., Wang, S.W., and Masland, R.H. (2004). Retinal ganglion cell
type, size, and spacing can be specified independent of homotypic The cDNA sequence of C. elegans sax-2 was deposited in GenBank
dendritic contacts. Neuron 43, 475–485. with accession number AY763581.
Maloof, J.N., and Kenyon, C. (1998). The Hox gene lin-39 is required
during C. elegans vulval induction to select the outcome of Ras
signaling. Development 125, 181–190.
McLaughlin, T., Torborg, C.L., Feller, M.B., and O’Leary, D.D. (2003).
Retinotopic map refinement requires spontaneous retinal waves
during a brief critical period of development. Neuron 40, 1147–1160.
Nelson, B., Kurischko, C., Horecka, J., Mody, M., Nair, P., Pratt, L.,
Zougman, A., McBroom, L.D., Hughes, T.R., Boone, C., and Luca,
F.C. (2003). RAM: a conserved signaling network that regulates
Ace2p transcriptional activity and polarized morphogenesis. Mol.
Biol. Cell 14, 3782–3803.
